Nitrate leaching from agricultural fields into groundwater has caused environmental and health concerns. A study was conducted during 1992-1993 in the Central Platte Valley of Nebraska to assess the nitrate leaching potential under recommended center-pivot irrigation and fertilizer best management practices for continuous corn (Zea mays L.). At time of planting corn, potassium bromide (KBr) and double-labeled ISN ammonium nitrate (I0 atom% ISNH415NO3) tracers were applied at rates of 200 kg Br ha-i and 30 kg N ha-i to four 6.1 by 3.7 m plots that were representative of major soil types on the 32.l-ha field. Soil and plants sampled 7 wk after planting and at harvest in 1992, and in the spring of 1993, were analyzed for Br and N content and a mass balance was determined. At corn harvest, 41% (81.9 kg ha -I) of the applied Br loss from the top 1.2 m of soil was attributed to leaching. Also, 54% (16.2 kg ha-i) of the tracer ap plied was lost from the system; 41% (12.3 kg ha -I) through leaching; and 13% (3.9 kg ha-i) through denitrification and volatilization. By time of planting in the spring of 1993, 70% (139.3 kg ha -I) of the applied Br and 46% (13.8 kg ha-i) of the fertilizer N leached below 1.2 m. High negative correlations were found between soil clay and silt contents, and Br or NO3 leaching. Despite use of best management practices for irrigation water and N applications, large amounts of nitrate can be lost through leaching under irrigated corn in this subhumid climate on fine-to medium-textured soils.
1991)
. Nitrogen cycling studies in soils are commonly conducted using the 15N tracer technique. However, it may not be a suitable tool to specifically study the NO3 leaching potential of soils because of the many biological transformations of N, such as mineralization and immobilization turnover (MIT), denitrification losses, and the 15N isotopic dilution effect, as described by Jenkinson et al. (1985) . Further, denitrification and volatilization losses of N also need to be monitored simultaneously to obtain a good mass balance. Therefore, an alternative is to use chloride or bromide anions as substitute tracers for nitrate, as they imitate nitrate movement in soils. Besides, both Br and C1 are biologically and chemically stable and do not undergo microbial transformations and gaseous losses. Although Cl has been used to study the movement of NO3 in soils, its utility is often limited due to the common occurrence of Cl in soils, rocks, fertilizers, and precipitation (Smith and Davis, 1974) . However, natural occurrences of Br are generally rare (Vinogradov, 1959) , and therefore it may be a better choice as a tracer. Studies have shown that Br can successfully be used as a tracer both under laboratory (Smith and Davis, 1974) and field conditions (Ingram, 1976; Mulla and Annandale, 1990 ) to study NO3 movement in soil.
The Management System Evaluation Area (MSEA) water quality project at Shelton (Central Platte Valley), NE, is evaluating management approaches to use irrigation water and fertilizer N more efficiently such that corn yields are maintained, but N losses to air and water environments are minimized. This present philosophy of Best Management Practices (BMP) for corn is optimize irrigation and fertilizer N applications by: (i) taking into account the amount of NO3-N present in the crop rooting zone at time of planting and that contained in irrigation water for calculating the fertilizer N requirement of corn and (ii) distributing N application and irrigation to synchronize supply with crop demand. Accomplishing increased N efficiency and decreased losses of N requires an understanding of the dynamic changes of N in soil during the growing season and the potential for loss of nitrate through leaching below the crop rooting zone. Therefore, the objective of this study was to assess the nitrate leaching potential of fertilizer N under BMPs for pivot-irrigated corn at the Nebraska MSEA through simultaneous use of Br and 15N fertilizer tracers.
MATERIALS AND METHODS
This study was conducted at the MSEA site on a 32.1-ha center-pivot irrigated corn field on the Stubblefield farm (E 1/2, NE 1/4, Section 15, R13W, T9N) near Shelton, NE, during 1992 to 1993. Soils at the experimental site are alluvial with the Hord silt loam (fine-silty, mixed, mesic Pachic Haplustoll) being the major soil series (84%), with some (10%) silt loam (fine-silty, mixed, mesic Pachic Argiustoll) and some (6 %) Wood River silt loam (fine montmorillonitic, mesic Typic Argiustoll) as well. Finer-textured surface soil at this site is underlain by sand and gravel at depths of 0.5 to 1.2 m. Treatments were: (i) isotopically double-labeled ~SNH4~SNO3 (10 atom% ~SN) at a rate of 30 kg of N -~ and KB r at a rate of 200 kg Br ha -1, and (ii) unlabeled NH4NO3 at a rate of 30 kg N ha -~. The experiment was conducted in four replicates. Soil type in Replication 1, 2, and 4 was the Hord silt loam and the Hall silt loam in Replication 3. General soil properties such as soil bulk density, pH (1:1 soil/water extract), and soil organic C (total C -carbonate C) for the top 1.2-m soil profile, in 30-cm increments, are given in Table 1 . Among replicates, soil bulk density between 0 and 30 cm ranged from 1.44 to 1.58 g cm -3. Soil pH in the top 30 cm ranged from 7.2 to 7.9 and exhibited a slight increase with increasing soil depth. Organic C present in the top 30 cm soil ranged from 9.4 to 11.9 g kg -~ and as expected, it declined steeply with increasing soil depth.
Corn (Pioneer brand hybrid 3379) was planted on 1 May 1992 at a population of approximately 70 000 plants ha -~. Two microplots, each 6.1 by 3.7 m in size, enclosing four rows of corn were established per replicate and treatments were applied on 8 May 1992. Fertilizer N and KBr tracers dissolved in 42 L of deionized water were applied uniformly to the surface of microplots and were incorporated into soil by uniform watering with 141.6 L (0.64-cm depth) of low NO3-N (1-2 mg -~) w ater f rom adeep we ll in thearea. The NOa-N content of the surface groundwater aquifer in this area averaged 32 mg L -t. Including the 30 kg N ha -t of labeled or unlabeled N applied as treatment, a total of 163 kg N ha -õ f fertilizer N was applied to corn. As a part of the BMP, 133 kg N was applied to corn in several doses during the growing season. First, a starter dose of 13.4 kg ha-~ of fertilizer N, as ammonium phosphate, was applied adjacent to seeds at the time of planting. This was followed by three broadcast applications of urea ammonium nitrate (UAN) through irrigation (fertigation) at the rate of 21.3 kg N -~ on29 June, 21.3 kg N ha -~ on 1 July, and 36 kg N ha -~ on 7 July 1992. As the irrigation water contained 32 mg L-~ of NO3-N, the remaining 41 kg N ha -~ was applied through irrigation water, when the crop was irrigated by a center-pivot sprinkler irrigation system as needed. Monthly amounts of irrigation and precipitation received by corn and the estimated evapotranspiration losses during the growing season are given in Table 2 . Soil and plant samples were collected 7 wk after planting (V8 stage), at harvest, and in spring in 1993. On 22 June 1992, eight whole-plant samples (two plants per row) were collected from tracer applied and control plots. After weighing, the plants were mechanically chopped, mixed, and sampled for moisture and chemical analysis. Fifteen, 1.7 cm diam. soil cores were collected (five from the row and 10 from the interrow area) from each microplot to a depth of 30 cm, in intervals of 0 to 7.5, 7.5 to 15, and 15 and 30 cm, and were mixed to obtain a composite soil sample. Corn (grain and stover) was harvested at physiological maturity (29 Sept. 1992) and sampled for chemical analysis. Soil was sampled (27 Oct. 1992 ) by pooling three 5.72 cm diam. soil cores collected to a depth of 1.2 m at 30-cm intervals from the interrow zone (one each from the east end, the middle and the west end of the central 3.35 by 1.83 m area) of the isotope labeled microplot. After soil sampling, the ~SN and Br-labeled corn stover harvested from each microplot was returned to the soil surface and secured in place with polypropylene mulch netting. On 22 Apr. 1993, just before planting of the next corn crop, soil samples were obtained from isotope labeled microplots by compositing nine 5.72 cm diam. cores collected to a depth of 1.2 m at 30-cm intervals. Soil was sampled from the interrow zone in such a way that the coring spot was located 30 cm away from the spot where the soil had been sampled during the fall of 1992. Also, undecomposed corn residue on the microplot surface was collected and analyzed to estimate the amount of Br lost from residues. After each soil sampling, sampling holes were back-filled with soil from outside the plots to prevent alteration of soil infiltration characteristics. Soil at field water content was sieved through a 2-mm sieve (10 mesh size) and was analyzed for Br, total C and NH4-N, NO3-N, and microbial biomass N. Soil was air-dried for 48 h before it was analyzed for total Br, C, and N. Final results were expressed on oven dry soil weight basis (105°C for 24 h). In addition, the 15N atom percent for the above-listed N pools was also determined. Plant bromide content was determined by the energy dispersive x-ray fluorescence technique (Knudsen et al., 1981) . Soil bromide concentration was determined by the ion chromatography method from 1:5 soil/ water extract with a Dionex DX-100 Ion Chromatograph (Dionex Corp., Sunnyvale, CA) using AG9 and AS9 columns. Total C, and N and its 15N atom% were determined by the Dumas dry combustion technique using an automated C-N-S analyzer interfaced with an isotope ratio mass spectrometer (Carlo Erba NA 1500 C & N analyzer interfaced to Europa Scientific Ltd. Tracermass mass spectrometer), as described by Schepers et al. (1989) . Ammonium-N and NO3-N contents were determined from 1:10 soil/KC1 (1 M) extracts by the indophenol blue and the Cd reduction techniques, respectively (Keeney and Nelson, 1982) . Soil microbial biomass N was determined by the fumigation and incubation method (Jenkinson and Powlson, 1976; Shen et al., 1984) . The diffusion method (Brooks et al., 1989) was employed to determine the tSN atom% of NH4-N, NO3-N, and the NH4-N released from microbial biomass during fumigation. Soil N pools and Br contents were adjusted to a volumetric basis using soil bulk densities determined from core samples. Particle-size analysis was conducted to determine the soil textural class for each depth by the hydrometer method (Gee and Bauder, 1986). Soil bulk density, soil pH (Eckert, 1988) , and soil organic C (total C -carbonate C) were determined for the 1.2-m soil profile, in 30-cm increments. Plant samples were analyzed for Br, total N, and 15N atom% by the same methods as employed for soil analysis.
Recovery and loss were calculated for both Br and N and the mass balance was computed.
1. Percent Br recovered in plant or soil was calculated as:
(Brt -Brc) x 100 Br applied (kg ha -z)
where, Brt --quantity of Br in plant or soil in treated plot (kg ha -I) and Brc = quantity of Br in plant or soil in control plot (kg ha -l) 2. Percent N derived from fertilizer in plant or soil (% NDFF) was calculated as: The following statistical analyses were performed to aid in the interpretation of results. Standard deviation (SD) and coefficient of variation (CV) were computed for the data using the statistical analysis system (SAS Inst., 1992) . Correlation analyses between the particle-size distribution in the top 1.2 m of soil and the percentage of Br not recovered in plants and soil at harvest were performed.
RESULTS

Yields and Nitrogen Uptake
Corn grain and stover yields, and N uptake obtained were comparable to average yields produced at this site. Grain and stover dry weight yields averaged 9630 kg ha -~ and 7592 kg ha-l, respectively, with a N uptake of 114 kg ha -~ in grain and 46 kg ha -~ in stover. There was no difference in N uptake between control plots and those receiving Br. This evidence suggests that Br did not influence N uptake by corn through its interaction with NO3.
Particle-Size Distribution
Particle-size analysis of soils in the top 1.2-m soil profile, indicated that the soils in the study area were predominandy sandy loam and silt loam in texture (Table  1) . Sand, silt, and clay contents in the top 30 cm of soil ranged from 21 to 43%, 34 to 61%, and 17 to 23%, respectively, across replications. Among replicates, Replication 1 and 4 had the highest sand content and the lowest silt and clay contents in the top 1.2-m soil profile (Table 1) . Approximately 33% more sand, 26% less silt, and 6% less clay were present in Replicates 1 and 4 than in Replicates 2 and 3. Overall, no differences in the distributions of sand, silt, and clay particles were observed with soil depth. Among replicates, however, some distinct trends in particle-size distribution were noticed with depth. In Replicates 1 and 4, sand content in the soil profile increased with depth, but the trend was not prominent in Replicates 2 and 3. Silt content in Replicates 2 and 3 remained relatively constant with depth. But in Replicates 1 and 4, silt content in the top 30 cm and 0-to 90-cm soil layer, respectively, was higher than the rest of the soil profile. The clay content in Replicate 4 declined significantly as the depth increased. On the contrary, in Replicates 2 and 3 the clay content increased with depth down to 60 or 90 cm from the soil surface and declined at depths greater than 90 cm.
Bromide Leaching
Seven weeks after planting and at harvest, 16% (31.5 kg ha -l) and 27% (54.3 kg ha -=) of the Br applied, respectively, was recovered in corn plants (grain and stover) (Table 3) . Stover was the major sink for Br, it accounted for 94% (51.1 kg ha -=) of the total Br uptake by corn (grain and stover) at harvest.
On average, 41% (81.9 kg ha -I) and 70% (139.3 kg 
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Leaching ( (Fig. 2) , while 60% (120.8 kg ha -~) of the Br had moved below the 30-cm depth of rooting (Table 3) Percentage of tracer applied the study period. A major portion (49.5 kg ha -1) of the postharvest Br leaching came from the corn stover that was recycled to the plots during the fall of 1992.
Among replicates, the highest Br leaching occurred in Replicate 4 throughout the study period and was followed by Replicate 1, while Replicate 3 exhibited the lowest leaching until the spring of 1993 when losses equaled those of Replicate 2 (Fig. 3) . A correlation analysis between soil texture and percentage of Br loss at harvest indicated that leaching exhibited a strong positive correlation with sand content (r = 0.81) and a strong negative correlation with the silt (r = -0.82) and clay (r = -0.75) contents of soil (Table   Nitrate Leaching Unlike Br, N is subject to microbial transformations and denitrification as well as volatilization losses. Therefore, caution must be exercised in interpreting N tracer results. Overall, the amount of fertilizer N not recovered in soil or plants was 53 % 7 wk after planting (0-30 cm soil only), 54% at harvest, and 59% in spring 1993 ( Fig.  1 and Table 3 ).
Early in the growing season (7 wk after planting), 13% (3.8 kg ha -1) of the fertilizer N applied was taken up by corn plants, 34% (10.3 kg ha -1) was recovered in the top 30 cm of soil, and 53% (15.9 kg ha -l) was unaccounted for in the N budget (Table 3) . Results from other research on the same experimental area (Doran et al., 1993) indicated that microbial denitrification led to 1% N loss during this period. Therefore, 52% (15.6 kg ha-~) of the applied fertilizer N was presumed lost from the rooting zone (0-30 cm) due to leaching. When compared with Br, 10% more fertilizer N was recovered in the top 30 cm of soil ( Fig. 2 and Table 4) .
At harvest, 23 % of the fertilizer N applied was recovered in the plant (grain and stover), 23 % was recovered in the top 1.2 m of soil, and 54% was lost from the system ( Fig. 1 and Table 3 ). Theoretically, because the magnitude of NO3 leaching loss cannot exceed that of the Br tracer loss, 41% of the fertilizer N was assumed lost through leaching. Denitrification and N20 gaseous losses measured in another study on the same field accounted for 5 and 1%, respectively (Doran et al., 1993) . In plants, during senescence, N from leaves and stems is translocated to grain through a series of biochemical processes. During this process, a significant amount of N is lost from crop plants through NH3 volatilization (Farquhar et al., 1983; Harper et al., 1987) . Therefore, in this study, the remaining 7 % N deficit was attributed to NH3 volatilization loss from corn during senescence. This 7 % NH3 loss assumed in our study is close to that measured for irrigated corn in an adjacent field at this MSEA site in 1990 (Francis et al., 1993) . By spring 1993, 59% of the fertilizer N was lost from the system, while 16 and 25 % were recovered in plant and soil (1.2-m depth), respectively. After adjusting for the gaseous losses (denitrification, N20, and NH3) measured earlier, the remaining 46% of the fertilizer N was assumed lost due to leaching (Fig. 1) . Throughout the study period, differences observed in NO3 leaching patterns among replicates were similar to, but less than, those observed for Br leaching patterns (Fig. 3) .
Distribution of Fertilizer Nitrogen in the Soil Profile
Tracing the distribution of fertilizer N to various N fractions in soil will provide a better understanding of the nitrate leaching characteristics of the system. Distribution of fertilizer N in various N pools in soil (0-1.2 m deep) during the study period is shown in Table 4 . Most of the fertilizer-derived N in the soil profile (1.2 m), which was predominantly organic N, was recovered in the 0-to 7.5-cm soil layer 7 wk after planting (22%), and in the 0-to 30-cm soil layer at harvest (18.6%) and in the spring 1993 (18.3%). However, a maximum of only 3.5% of the N applied (7 wk after planting) was recovered in the microbial biomass N fraction over the entire study period. This suggests that a major portion of the fertilizer N was rapidly transformed into a relatively less labile nonbiomass organic N fraction early in the growing season. At the same time, 28.7 kg ha~' of inorganic N (NH 4 -N and NO 3 -N) comprising only 11.8% (3.53 kg ha" 1 ) of the fertilizer-derived N was recovered in the 0-to 30-cm soil layer 7 wk after planting (Table 4) . Recovery of a relatively small proportion of fertilizer-derived NH 4 -N (%NDFF) in the inorganic N pool at this time (Table 4) indicated that early during the growing season, most of the fertilizer-derived inorganic N was in the NO 3 form and was susceptible to leaching. At harvest, the proportion of fertilizer-derived N found in the inorganic N pool increased with soil depth from 0.98 to 2.64%. However in the spring of 1993, the proportion and amount of fertilizer-derived N in the inorganic N pool decreased as the soil depth increased, compared with the fall of 1992. This indicated that substantial NO 3 -N had leached below the 1.2-m depth between the fall and the spring season.
DISCUSSION
As Br is biologically stable and does not undergo gaseous losses, it is reasonable to assume that the Br not recovered in plants or soil was lost by leaching and represents the maximum nitrate leaching potential of the system.
Bromide leaching losses from the rooting zone (1.2-m) observed at this experimental site were large and ranged from 41% at corn harvest to 70% in the spring of the following year shortly before planting time. Significant Br leaching was also observed early during the growing season. Relatively, NO 3 leaching losses and the distribution of NO 3 within the soil profile were less than Br losses because of immobilization of N in soil organic matter and N volatilization losses. Overall, the results indicated that the soils at this site were highly susceptible to NO 3 leaching throughout the growing season, even under good irrigation and N management practices (BMP) ( Fig. 1 and 2 ) in a growing season of near or below normal precipitation based on a 30-yr average (Table 1) .
Water balance estimates computed using the amounts of precipitation and irrigation received by corn and its evapotranspiration losses, showed that an excess 7.7 cm ha~' water was supplied to corn early during the growing season (May-June) (Table 1) . It is hypothesized that the presence of excess soil water, especially during the early part of the growing season, in coarse to medium textured soils, led to significant NO 3 and Br leaching losses because of high infiltration rates and water permeability associated with these soil textural groups (Smith and Cassel, 1991) . In our study, since we did not monitor the soil water content during the growing season, it was not possible to compute an accurate water balance for the entire study period. However, Hergert et al. (1993) reported that in west central Nebraska, an average 24 cm yr" 1 (2-yr mean) of soil water (32% of total irrigation and precipitation received) and 87 kg ha" 1 of NO 3 (13% of the initial residual soil NO 3 plus fertilizer N applied) leached below the 2.4-m soil profile of a silt loam soil, cropped to no-till corn, under best management practices. Although the amount of NO 3 leaching depends also on the initial and added NO 3 levels during the growing season, these findings confirm that the leaching potential observed in our study is not unique to our experimental site and is likely to occur in irrigated coarse to medium textured soils elsewhere, which are cropped to corn under best management practices. Enhanced leaching of tracers observed in Replicates 4 and 1 implicated soil texture as a causative factor. As indicated by the correlation coefficients, enhanced leaching in Replicates 4 and 1 was due to high sand and low clay and silt contents, as compared to Replicates 2 and 3. A strong negative correlation of silt content to Br or NO 3 leaching observed in this study is in conformity with the findings of Mulla and Annandale( 1990) . It is important, however, to recognize that NO 3 leaching from the rooting zone is not limited to coarse-to medium-textured soils, but also can occur in fine-textured soils, such as silty clay and silty clay loams cropped to corn under BMPs (Spalding and Kitchen, 1988) . These authors reported a 25 kg ha" 1 increase in NO 3 levels in the intermediate vadose zone (between 2 and 18m of the soil profile) of plots receiving fertilizer N at the rate of 112 kg N ha" 1 yr" 1 , for a period of 15 yr, compared with unfertilized plots.
Our study indicates that, even with use of best irrigation and fertilizer management practices, large amounts of NO 3 can be lost through leaching under irrigated corn in coarse-to medium-textured soils. Bromide may be used to conveniently estimate the short-term (one growing season) NO 3 leaching loss under the corn production system.
